A fixed bed for the sorption of phenol, m-nitrophenol (m-NP) and o-cresol employing cetyltrimethylammonium bromide (CTAB)-modified montmorillonite, XAD-4 or XAD-8 was examined both from a theoretical and experimental viewpoint. Experiments were performed using different feed flow rates, bed depths and feed sorbate concentrations. A theoretical model containing two parameters, t and k, was proposed for describing the breakthrough curves. The two XADs and the CTAB-clay system were compared to clarify the characteristics of the adsorption mechanism and application. For the XAD systems, the breakthrough point of phenol increased with increasing bed height at the same feed flow rate. However, the bed height had little effect on the value of k. For the CTAB-clay system, the values of t for phenol decreased with increasing feed concentration under the conditions studied. In contrast, however, the values of k increased with increasing feed concentration. The adsorption capacity (Q M ) of the phenolic compounds on the sorbents decreased in the order XAD-8 > XAD-4 > CTAB-clay. Although the surface area of XAD-4 was larger than that of XAD-8, the polarity of XAD-8 was greater than that of XAD-4. The adsorption rate constant k decreased in the order CTAB-clay > XAD-8 > XAD-4 for the same sorbate. For a given sorbent, the value of k decreased in the order phenol > m-NP > o-cresol. e°F igure 8. Breakthrough curves of phenol, m-NP and o-cresol on Amberlite XAD-8 resin.
INTRODUCTION
Environmental organic pollutants such as phenolic compounds that enter the water system through direct discharge from pharmaceutical, petrochemical and other chemical manufacturing processes are of priority concern. They are very toxic and accumulate in the human body even at low concentration. The removal of these contaminants has received considerable attention in recent years. Conventional methods for removing organic contaminants include sorption (Juang and Shiau 1999; Mortland et al. 1986; Gao et al. 2001; Gusler et al. 1993) , chemical oxidation (Kiwi et al. 1994; Pintar and Levec 1994; Dieckmann and Gray 1996) , solvent extraction (Inoue and Shishido 1986; Tompkins et al. 1992) and biological degradation (Haghighi-Podeh et al. 1995; Gonzalez et al. 2001; Alemzadeh et al. 2002) .
Of these, sorption is the most commonly applied and provides an effective technique for the removal of low to medium levels of phenolic compounds. As a result, there has been a growing interest in the development and implementation of various adsorbents for the removal of phenolic compounds and other specific organic substances from water. In this respect, organoclays have *Author to whom all correspondence should be addressed. E-mail: sslin@nanya.edu.tw. been widely studied because they are cheaper than other sorbents such as activated carbons and resins (Zhu et al. 1997 (Zhu et al. , 1998 Boyd et al. 1988a,b; Smith et al. 1990; Smith and Galan 1995; Lawrence et al. 1998) . For example, Boyd et al. (1988b) modified smectite with cetyltrimethylammonium bromide (denoted simply as CTAB-smectite) to sorb trichloroethylene and benzene, and found that sorption was effected by a partition mechanism. Similarly, Lawrence et al. (1998) examined the adsorption of phenol and chlorinated phenolic compounds from aqueous solutions by tetramethylammonium-and tetramethylphosphonium-exchanged montmorillonite.
In addition to modified clay, the commercial resins Amberlite XAD-4 and XAD-8 were compared for this purpose. Amberlite XAD resin is one of the non-ionic adsorbents with a high surface area (Kunin 1976) . Whereas XAD-4 possesses a network structure formed by the nonpolar, non-swelling, macroporous resin, XAD-8 is a macroreticular non-ionic resin that exhibits a considerable degree of swelling (Zimehl 1998) . XAD resins adsorb dissolved organic matter through interaction between the hydrophobic constituents of the organic components and the resin material. Such resins have been described as the best polymeric adsorbent for the removal of phenol from organic-contaminated streams (He and Huang 1992). Li et al. (2001) studied the adsorption of phenolic compounds on Amberlite XAD-4 and its acetylated derivative MX-4. They mentioned that the polymeric Amberlite XAD-4, which is a macroporous styrene-divinylbenzene copolymer, was found to be the best polymeric adsorbent for removing phenolic compounds from aqueous streams. Although a series of studies has been made of the removal of phenolic compounds using various sorbents, little work has been undertaken on a comparison of their application for removing phenolic compounds.
In this study, montmorillonite modified with CTAB, XAD-4 and XAD-8 were used as sorbents and three phenolic compounds (phenol, m-NP and o-cresol) were selected as the sorbates. A comparison of Amberlite XAD resins and CTAB-clay was made in an attempt to reveal the adsorption mechanism. The adsorption efficiency and application of the sorbents were also discussed.
MODEL DEVELOPMENT
An isothermal fixed bed randomly packed with sorbent particles was considered. In the adsorption column, the entering aqueous solution flowed through the adsorption bed, with some of the sorbate in the aqueous solution being adsorbed by the sorbent whilst the remainder passed through the bed. Let the fraction of solute adsorbed be denoted as Y and that remaining in the aqueous solution and passing through the stationary resin bed as X. It is assumed that the rate of decrease in the amount of solute is given by (Lin and Huang 2000):
(1) where k is a proportionality constant. It should be noted that X = 1 Y in equation (1). The equation is similar to the logistic function originally formulated to describe the phenomena of biological growth and decay (Belreami 1987) . The equation can be integrated employing the initial condition that Y = Y e at t = t e :
(2) ln ( ) which is the same as:
( 3) For sorbate breakthrough at X e = 0.5, the adsorption time t a may be denoted as t and equation (3) then becomes:
or (5) The fraction of sorbate X passing through the adsorption column is equal to C/C 0 with C being the sorbate concentration in the aqueous solution exiting the adsorption column at time t and C 0 being the inlet concentration. According to equation (5), a plot of the adsorption time t versus ln[C/(C 0 C)] should yield a straight line with an intercept and slope equal to t and 1/k, respectively.
MATERIALS AND METHODS

Clays and solutions
Montmorillonite K30 was purchased from Fluka. It had the idealized formula Al 2 O 3 4SiO 2 nH 2 O. The cation-exchange capacity of the raw clay was 33.2 mequiv/100 g and its particle size was 0.03 mm. The BET surface area and average pore size as obtained from nitrogen adsorption isotherms measured on a Quantachrome NOVA 2000 sorptiometer were 330 m 2 /g and 3.3 nm, respectively. The resins XAD-4 and XAD-8 were purchased from Rohm & Hass (Philadelphia, PA, USA), the characteristics of the polymer beads being listed in Table 1 . Phenol, m-NP, o-cresol and other inorganic chemicals were supplied as analytical reagents by Merck. 
Preparation of the CTAB-modified clays
Modification of the clay was carried out as follows. A known amount of CTAB (Aldrich) ranging from 1 mM to 20 mM was dissolved in 1 dm 3 of deionized water (Milli-Q, Millipore) to which 20 g of the raw clay (unmodified) and acetone (5 cm 3 ) were added. Preliminary experiments showed that the amount of CTAB sorbed remained unchanged even after the sample had been shaken for more than 1 h. The solution mixture was centrifuged and the solid was washed five times with deionized water to remove superficial CTAB attached on the surface. After modification with 20 mM CTAB, the BET surface area and average pore size of the clay were changed to ca. 70 m 2 /g and 5.4 nm, respectively.
Preparation of the XAD resins
Amberlite XAD-4 and XAD-8 resins were sieved to 20-50 mesh size. They were then placed in a column and washed successively with 0.1 M NaOH, deionized water, acetone and methanol, and then purified by extraction with methanol using a Soxhlet extractor. The purified resin was stored in methanol to maintain its high purity. Before the adsorption of the phenolic compounds studied, the methanol was removed by the addition of distilled water and the resins washed with 0.1 M NaOH followed by 0.1 M HCl.
Column experiments
The column tests were carried out in a water-jacketed glass column of 1.75 cm i.d. × 17.6 cm length dimensions. A typical procedure was as follows. A small glass fibre was inserted on one side of the column and an aqueous slurry of the CTAB-modified clays/XADs aspirated into the column to obtain the fixed bed. A second portion of glass fibre was plugged to the other side of the loaded columnembedded clay/XADs in order to prevent any adsorbent loss. The bed density and void fraction ( Table 2) were determined prior to the experiment. An aqueous solution of known sorbate concentration was then fed into the top of the column at a desired flow rate controlled by a micro-metering pump (Cole-Parmer, Masterflex 7518-10) until the breakthrough curve was completed. Samples of the effluent were taken at preset time intervals and their concentrations analyzed as described above.
RESULTS AND DISCUSSION
Theoretical curves
Figure 1 depicts plots for the removal ratio of the phenolic compounds (C out /C 0 ) from the sorbent column which enable the values of t and 1/k to be obtained. These two parameters allowed the proposed model to be established. The entire theoretical and experimental breakthrough curves are shown in Figures 4 and 6-9 , respectively. Standard deviation values below 5% demonstrated the good agreement between the predicted and measured data for the breakthrough curves from CTAB-clay. The standard deviations for the Amberlite XAD system were ca. 9%. The derivation of equation (5) is based on the assumption that 50% breakthrough occurred at t. Accordingly, the resin bed should be completely saturated within a time 2t (Lin and Huang 2000) . Due to the symmetrical nature of the breakthrough curve, the amount of phenolic compounds adsorbed by the adsorbent bed was one-half of the total phenolic content entering the adsorption column within the 2t period. Hence, the following equation can be written:
The equation permits the ready determination of the overall adsorption capacity A M (mol) as a function of the initial concentration of phenol C F (mol/l), the liquid flow rate U (l/min) and the 50% breakthrough time t (min).
Breakthrough dynamics for the XADs
The breakthrough curves of the phenolic compounds studied adsorbed on XAD are shown in curves for m-NP on XAD-4 and XAD-8. In both cases, it is seen that the breakthrough curves were steeper at higher flow rates. This was to be expected from previous work (Chern and Chien 2002). The slope of the breakthrough curve on XAD-8 was the same as that on XAD-4 when the same flow rate for m-NP was employed. Thus, although the surface area of XAD-4 was larger than that of XAD-8, the polarity of XAD-8 (methylmethacrylate copolymer) was larger than that of XAD-4 (styrene-divinylbenzene) ( Table 2 ). This apparent surface area drawback for XAD-8 was therefore compensated for by the latter advantage. The effect of bed height on the breakthrough curves for the three phenolic compounds is shown in Figures 4 and 5 . For a given feed flow rate, the breakthrough time increased with increasing bed height for all the phenolic compounds studied (Table 3) . However, a higher bed corresponds to a larger amount of sorbent. Hence, the driving force for mass transfer will be less at the same feed concentration. For this reason, bed height had little effect on the value of k. However, the adsorption capacity Q M (mmol/kg) decreased with increasing bed height. These results agree with the literature for the adsorption of phenol onto activated carbon in column systems (Chern and Chiang 2002) .
Breakthrough dynamics for CTAB-clay
The breakthrough curves for the phenolic compounds adsorbed on CTAB-clay are depicted in Figures 6 and 7 . The data in Figure 6 demonstrate that the breakthrough point for phenol on modified clay occurred within a shorter time span than that for m-NP or o-cresol. This trend was similar to that observed for the systems with XAD-4. This result was not unexpected because, as shown in a previous study (Juang et al. 2003) , the amount of phenol adsorbed at equilibrium was smaller than that of m-NP or o-cresol. The breakthrough curves obtained at different feed concentrations are shown in Figure 7 . These show that the values of t decreased with increasing initial concentration under the conditions studied. However, the values of k increased with increasing feed concentration (Table 4) indicating that the breakthrough curve was flatter at a lower feed concentration. This could be attributed to the driving force for mass transfer increasing as the feed concentration increased.
Comparison of XADs and CTAB-clay
The values of t, k and Q M for the three phenolic compounds studied on CTAB-clay, XAD-4 and XAD-8 are listed in Table 4 . As demonstrated by Figures 6, 8 and 9 , the breakthrough times for phenol were faster than those for m-NP and o-cresol for CTAB-clay and XAD-4 but not for XAD-8. The data listed in Table 4 show that the adsorption capacities of the various phenolic compounds on the adsorbents studied decreased in the order XAD-8 > XAD-4 > CTAB-clay. This may be due 856 to the surface area of the modified clay (70 m 2 /g) being smaller than those of the other adsorbents used ( Table 2) . Despite the surface area of XAD-4 being larger than that of XAD-8, the adsorption capacity of XAD-8 was greater than that of XAD-4, particularly with respect to phenol. This resulted from the fact that the XAD-8 resin was polar whereas the XAD-4 resin was non-polar, and also that the pore size of XAD-8 (250 Å) was larger than that of XAD-4 (50 Å). The resin with the higher polarity and larger pore size should have a larger wetting area. Li et al. (2001) investigated the adsorption of phenolic compounds using Amberlite XAD-4 polymeric resin and attributed the lower adsorption capacity to its extremely hydrophobic chemical structure resulting in poor resin/aqueous solution contact (Dumont and Fritz 1995; Masque et al. 1998) . The results obtained were consistent with those of previous workers who studied the adsorption efficiency of dissolved organic matter (DOM) from estuarine waters using XAD-8 and XAD-4 resins (Esteves et al. 1995) . In this study, Esteves et al. found that the DOM removal efficiency varied from 69.4% to 51.4% for XAD-8 and from 20.0% to 25.2% for XAD-4 at salinities from 0.6 to 33.4. In general, the adsorption isotherm on the adsorbents may be sub-divided into two adsorption areas: one corresponding to micropore filling and the other ascribed to adsorption onto external areas (Sousa-Aguiar et al. 1998) . Adsorption can be considered as offering three distinct resistances to mass transfer; the external fluid film resistance, the macropore diffusional resistance and the micropore diffusional resistance. Adsorption on the external surface area is considered to be that offering the least resistance and exhibiting the largest adsorption rate constant (k). The fraction of the exterior surface area of the modified clay (where some micropores may be blocked by surfactants) was larger than those of the XADs. As shown by the data recorded in Table 5 , the adsorption rate constants (k) of the phenolic compounds onto modified clay were greater than those onto the XADs studied. However, the values of k for the adsorption of the phenolic compounds on the same adsorbent decreased in the order phenol > m-NP > o-cresol. This was due to the difference in mass diffusion resulting from the molecular sizes of the compounds concerned.
CONCLUSIONS
The breakthrough curves for the sorption of phenol, m-NP and o-cresol onto CTAB-modified montmorillonite, XAD-4 and XAD-8 were examined both theoretically and experimentally.
A mass-transfer model was proposed for describing the fixed bed dynamics in terms of two parameters t and 1/k.
For the XAD-4 and XAD-8 systems, the breakthrough times t (C/C 0 = 0.5) of the phenolic compounds studied increased with increasing bed height at the same flow rate. In contrast, the bed height had little effect on the values of k. However, the adsorption rate constant (k) of XAD-8 was greater than that of XAD-4. For the CTAB-clay system, the values of t for the phenolic compounds decreased with increasing feed concentration under the conditions studied. However, the values of k increased with increasing feed concentration.
The adsorption capacities of the phenolic compounds on the sorbents studied decreased in the order XAD-8 > XAD-4 > CTAB-clay. Since CTAB-clay exhibited the smallest BET specific surface area, it was expected to possess the smallest adsorption capacity. Although the surface area of the XAD-4 resin was larger than that of the XAD-8 resin, the polarity of XAD-8 was larger than that of XAD-4. This drawback for XAD-8 in terms of surface area was compensated for by the latter advantage. For a given sorbate, the adsorption rate constant k decreased in the order CTAB-clay > XAD-8 > XAD-4. However, for a given sorbent, the value of k decreased in the order phenol > m-NP > o-cresol. Although CTAB-clay (K30) had a smaller adsorption capacity than the commercial resins, it was competitive when its high adsorption rate and cheapness were taken into account. 
